Early-age cracking in concrete has served as an impetus for research on early-age shrinkage. The majority of these studies have focused on the development of testing procedures to measure chemical shrinkage and autogenous strain [1] . Hammer et al. [2] and Boivin et al. [3] have demonstrated that at early ages the chemical shrinkage and autogenous strain are similar. However, when the cement suspension transforms from a fluid to a solid, the chemical shrinkage and autogenous strain measurements diverge. The time of divergence between these measurements has been referred to as 'time-zero' ('t 0 '). It denotes the time when the material starts to behave as a solid and residual stresses can begin to develop in the material. While the general concept of using the divergence between these measurements is well known, the analytical determination of this time is not well defined. In this paper, the authors investigate analysis procedures aimed at providing a reliable automated method for determining 'time-zero' from chemical shrinkage and autogenous strain measurement results.
INTRODUCTION
The accurate determination of the time of set (alternatively this will be called the time-zero or solidification time) is fundamental for modelling the cracking potential of a cementitious system. The Vicat penetration resistance test is a primary means of assessing the time of set in a hydrating cement system. While the Vicat test is relatively simple to perform, it uses an arbitrary method to define the time of set: it defines the mechanical resistance to the penetration of a loaded pin. In addition, the Vicat test is labor intensive, however automated procedures have recently become commercially available.
As a result, interest has increased in using a variety of testing techniques to detect the time of set by tracking other changes in the material properties of the system as it transitions from a fluid to a solid [1, [4] [5] [6] . One of the methods consists in identifying the time at which the chemical shrinkage and autogenous strain of a cement paste begin to deviate [2] [3] [4] 7, 8] . While this general concept is well known, an analytical determination of this time is not well defined. In this paper, the authors discuss various analysis procedures which can be used to systematically identify time-zero in a hydrating cementitious system.
MATERIALS AND METHODS
A cement paste was prepared with a w/c of 0.30. Type I ordinary portland cement was used with a Blaine fineness of 360 m 2 /kg and a Bogue phase composition of 60% C 3 S, 12% C 2 S, 12% C 3 A, 7% C 4 AF and a Na 2 O equivalent of 0.72%. To enhance the workability and consistency of the mixture, a high range water reducer (Glenium 3000NS) was added at a rate of 0.5% by mass of cement.
Chemical shrinkage and autogenous strain measurements were performed as described in [7, 8] using the buoyancy method protocol and membrane method protocol respectively. Chemical shrinkage measurements were performed on a cement paste specimen ponded in deionized water, and suspended in a paraffin oil bath. Volumetric autogenous strain measurements were performed suspending a cement paste filled polyurethane membrane in a paraffin oil bath. The container with the paraffin oil was maintained at 23±0.2°C in a thermally regulated water bath. Measurements were taken every 5 minutes.
In addition, the Vicat test, electrical conductivity and acoustic emission were used to determine time-zero. The Vicat test procedure was conducted following ASTM C191 [9] . The electrical conductivity was used to determine time-zero [6] using a Solartron 1260™ Impedance Gain-Phase analyzer; measurements were taken every 20 minutes. Acoustic Emission measurements were performed using a Vallen Systeme GMBH, Model AMSY4 analyzer [10] . These measurements were performed in sealed conditions in a room kept at 23±1°C.
EXPERIMENTAL RESULTS

3.1
Deviation of chemical shrinkage and autogenous strain Jensen and Hansen [11] defined chemical shrinkage as "the volume reduction associated with the hydration reactions in a cementitious material" and autogenous strain as "the bulk strain of a closed, isothermal, cementitious material system not subjected to external forces".
In this study, both chemical shrinkage and autogenous strain measurements in cement pastes are measured as a volume change. Assuming isotropic volume changes, this bulk volumetric strain measurement is converted to a linear strain response by dividing by three [7, 8] . The experimental results of chemical shrinkage and autogenous strain are plotted as a function of the age of the specimen in Figure 1 . The measurements were started 30 minutes after water came in contact with cement. The chemical shrinkage and autogenous strain are equivalent while the paste is fluid. However, as the paste begins to solidify, the measurements diverge. As the system begins to set, the rigid skeleton that forms in the cement paste resists the shrinkage, while the chemical shrinkage continues to increase as cement hydrates and forms empty pores in the cement paste.
The time at which these measurements begin to diverge (7.0 hours) identifies the time at which the system solidifies [2] [3] [4] 7, 8] . 
3.2
Vicat penetration measurements Initial and final set times were 6.0 and 7.0 hours respectively, for sealed specimens according to the procedure described by ASTM C191 [9] .
3.3
Electrical conductivity It has been proposed that the rate of change in the electrical conductivity in a hydrating cement paste may be used to determine the formation of a solid-structure [6] . This experimental procedure identifies a significant reduction in pore solution connectivity which corresponds to the time of solidification. The time-zero, 7.0 hours, determined by this approach is consistent with other analysis procedures developed in this paper. The development of electrical conductivity is shown in Figure 2 (a) along with its rate of change. 
3.4
Acoustic emission Passive acoustic emission measurements were performed on fresh cement paste specimens [10] . As the paste transitions from a fluid state to a solid state, a marked increase in acoustic activity is measured (Figure 2 explanation of this phenomenon is the formation of gas-filled voids in cement paste, which is supposed to occur at the time of set [10] .
REGRESSION ANALYSIS USING CHEBYSHEV POLYNOMIALS
Chemical shrinkage and autogenous strain measurements are susceptible to experimental scatter, for example due to the resolution of the balance used in the measurements and to vibrations in the setup. For the mixture studied in this paper, the coefficient of variation (COV -µm/µm) of chemical shrinkage for 4 repetitions and autogenous strain for 2 repetitions at 1 hour and 24 hours are 1.33 and 0.16 and 0.21 and 0.06 respectively. To reduce the effects of this experimental variability, Chebyshev polynomials were fit to the data [12] . In addition, the fits allow calculation of the instantaneous derivative at a point in time, eliminating the error introduced with numerical derivatives. The experimental chemical shrinkage and autogenous strain curves were fit to rational order Chebyshev polynomials (Eq.1 and 2). 
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where CS(t) and AS(t) are expressed in μm/m. C n are dimensionless fitting constants: 2 -1), t is the specimen age in hours. Notice that the coefficients of the Chebyshev Polynomials are not dimensionless. It is important to note that this regression analysis is developed over a specific time interval 0 < t < 48 hours. These regression equations are not valid when evaluated over a wider time range. International
Although the Chebyshev Polynomials do not have a physical significance, they enable the response to be well defined using only 8 or 12 constants. The chemical shrinkage and autogenous strain obtained from the regression analysis are plotted as a function of the experimental shrinkage measurements (Figure 3(a) and 3(b) ), showing a good fit of the experimental data (Chemical Shrinkage: r² = 0.9999, Autogenous Strain: r² = 0.9998).
5.
ANALYSIS PROCEDURES FOR DETERMINATION OF TIME-ZERO 5.1 Procedure I: difference between chemical shrinkage and autogenous strain The simplest method for determining 'time-zero' is based on computing the difference between the chemical shrinkage and autogenous strain (Eq. 3).
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If the chemical shrinkage and autogenous strain measurements are equal prior to set, the difference between these measurements should be zero. After set, the chemical shrinkage is greater than the autogenous strain and the difference in these measurements starts to increase (Figure 4) . However, at early ages shrinkage measurements are most susceptible to variations and a large difference in measured shrinkage may occur due to experimental uncertainties. In addition, if these experimental variations lead to autogenous strain larger than chemical shrinkage, a positive strain difference would result. These issues would complicate interpretation of the measured shrinkage and consequently the determination of time-zero. With this approach, a time-zero of 7.0 hours is found (Figure 4) . The ultimate shrinkage response experienced by the system is calculated by dividing the absolute difference of the measured strains at equivalent ages by the ultimate predicted value of the chemical shrinkage (Eq.4) . The results are shown over 48 hours and 12 hours in Figure  5 (a) and 5(b) respectively. Because chemical shrinkage and autogenous strain in the fluid state are very similar, until solidification Eq.4 yields a small number. After solidification, the chemical shrinkage continues to increase at about the same rate, while autogenous strain increases at a much slower rate. As a result, the value of the ultimate absolute difference starts to increase (Figure 5(a) ). The time at which the value of the ultimate shrinkage begins to increase from a near-zero number, identifies time-zero in the system. This is shown in magnified detail in Figure 5(b) . Time-zero by this approach is calculated as 7.0 hours. 
5.2
Procedure II: Rate of chemical shrinkage and autogenous strain development The fitting equations (Eq.1 and 2) were differentiated to determine the instantaneous time derivative of the chemical shrinkage and autogenous strain. The instantaneous derivative were computed in variable form over the interval 0 < t < 48 hours.
Similar chemical shrinkage and autogenous strain before set implies that equivalent rates of strain are observed in these systems. However, after solidification the rate of autogenous strain begins to decrease as the formation of a rigid micro skeleton restricts the deformation in the paste system. On the contrary, the chemical shrinkage continues to increase with cement hydration. The divergence between the rates of chemical shrinkage and autogenous strain allows identification of time-zero in the hydrating paste ( Figure 6 ).
The divergence between the chemical shrinkage rate and autogenous strain rate using the instantaneous derivative is shown in Figure 6 . Time-zero as determined by the instantaneous derivative of the regression equations is 7.0 hours. This compares well with the Vicat (7.0 hours), conductivity (7.0 hours), and acoustic emission observations (7.0 hour). Jensen and Hansen [14] noted a change in slope of the autogenous shrinkage around the time of set. As a result, the rate of change in autogenous strain may be used to estimate the time at which the system solidifies. This instantaneous derivative is graphed as a function of time, as shown in Figure 7 . From the figure it is observed that after 3 hours and prior to solidification (< 7.0 hours) an increasing rate of autogenous strain is observed while the paste is fluid. However, as hydration progresses and the system transitions to a solid, the rate of autogenous strain begins to decrease until about 12 hours, after which the rate plateaus. This is explained by the material response of the system in the fluid and solid states: the increasing rate of autogenous strain of the system prior to set is explained by the increasing rate of chemical shrinkage and by the fluidity of the system. However, as the system begins to solidify, the increased rigidity of the solid material resists bulk deformations. This explains the increase, peak, and decrease of the autogenous strain rate curve prior, at and after timezero respectively. The point at which the strain rate curve peaks and subsequently begins to decrease, occurring at 6.8 hours, may be used to identify time-zero in a cementitious system. This compares well with the Vicat (7.0 hours), electrical conductivity (7.0 hours), and acoustic emission observations (7.0 hour). A substantial benefit of this approach is that timezero can be determined from a single experiment, for example the volumetric autogenous strain measurement (shown here) or the corrugated tube method (described in [14] ). [2] [3] [4] 7, 8] imply that a linear function would be obtained with slope of 1, as shown in Figure 8 . However after time-zero the chemical shrinkage increases faster than the autogenous strain and the curve becomes nonlinear. The autogenous strain/chemical shrinkage value at which the material response curve switches from a linear to a non-linear form would identify time-zero. Time-zero as calculated by this approach is 6.8 hours, which compares well with Vicat (7.0 hours), conductivity (7.0 hours), and acoustic emission observations (7.0 hour). 
CONCLUSIONS
This paper demonstrates various analysis approaches to determine time-zero in a hydrating cement paste using chemical shrinkage and autogenous strain measurements. Methods are provided to systematically identify time-zero, the time at which the fluid-solid transition occurs, resulting in sufficient rigid-microstructure development in a hydrating cement system. Since only one cement paste was considered in this study, the following conclusions need to be verified on a wide range of materials and curing temperatures: − A regression analysis procedure using Chebyshev polynomials is able to minimize the variability associated with shrinkage measurement and enables the instantaneous time derivative to be computed at a specific point in time. − Time-zero in a cementitious system can be determined using the rate of autogenous strain development in a hydrating cement paste. An advantage of this procedure is that only the volumetric autogenous strain is needed. − The use of the ultimate absolute difference between chemical shrinkage and autogenous strain measurements allows compensation for a positive shrinkage difference before set, and minimizes the experimental variability at early ages. − A reasonable correlation is obtained between time-zero as determined by the various analysis procedures of the chemical shrinkage and autogenous strain data. Time zero as determined from the chemical shrinkage and autogenous strain data (6.8 -7.0 hours) analysis procedures is similar to the time of set predicted from electrical conductivity (7.0) and acoustic emission caused by cavitation (7.0).
